The possibility of in vivo investigation of the pharmacokinetics of photosensitizers by means of fluorescence transillumination imaging is demonstrated. An animal is scanned in the transilluminative configuration by a single source and detector pair. Transillumination is chosen as an alternative approach to reflection imaging. In comparison with the traditional back-reflection technique, transillumination is preferable for photosensitizer detection due to its higher sensitivity to deep-seated fluorophores. The experiments are performed on transplantable mouse cervical carcinomas using three drugs: photosens, alasens, and fotoditazin. For quantitative evaluation of the photosensitizer concentration in tumor tissue the fluorescence signal is calibrated using tissue phantoms. We show that the kinetics of photosensitizer tumor uptake obtained by transillumination imaging in vivo agree with data of standard ex vivo methods. The described approach enables rapid and cost-effective study of newly developed photosensitizers in small animals.
Introduction
Photodynamic therapy ͑PDT͒ is an emerging modality for cancer treatment based on light activation of photosensitive dyes called photosensitizers. In the presence of tissue oxygen, this activation results in generation of free radicals and singlet oxygen that destroy neoplastic tissue. [1] [2] [3] In addition to photodynamic action, most photosensitizers also produce fluorescence, which enables diagnosis of lesions and pharmacokinetics studies. Currently, PDT is a clinically approved technique for the destruction of small and superficial tumors of different localizations, such as skin cancer, bladder cancer, bronchial cancers, vulvar and early cervical cancers, early lung cancer, Barrett's esophagus, and cancers of the biliary tract. [2] [3] [4] [5] PDT may be used interstitially in the cases of tumors of the prostate and brain and residual disease in intraperitoneal carcinomatosis. [6] [7] [8] The efficiency of PDT depends on the photosensitizer concentration, the tumor-to-normal-tissue ratio, and the interval between photosensitizer administration and irradiation. 9 As the photosensitizer accumulation, excretion, and distribution kinetics in normal tissues determines its phototoxic properties, it is important to study them in terms of minimization of photodynamic action on skin and mucosa.
Recently, numerous photosensitizers have been developed. Among them are phthalocyanines, naphthalocyanines, porphyrins, benzoporphyrins, chlorins, bacteriochlorin, purpurine, texaphyrins, and porphycenes. 10, 11 The recent strategy is directed toward selective delivery of photosensitizer to the tumor tissue, e.g., by conjugation to biomolecules such as monoclonal antibodies. [12] [13] [14] For fluorescent diagnostics and PDT, photosensitizers with absorption in the red wavelength range ͑650 to 850 nm͒ are preferable because in this spectral region the maximum penetration depth of light into a tissue can be obtained.
In preclinical studies, transplantable mouse tumors are most commonly used for drug evaluation. Unlike human tumor xenografts, which are generally grown in hamster cheek pouches or in athymic nude mice, they are mouse-derived tumors in mice. Advantages of these models over human tumor xenografts include their low cost, reproducibility, and growth in an immune-competent host. 15 A number of transplantable tumors of various histotypes and different growth rates within each histotype were used in preclinical studies of photosensitizers. 16 Currently, ex vivo methods are commonly used in preclinical study of new photosensitive dyes. Drug levels in tissue are quantified by tissue extraction or radiolabeling methods. [17] [18] [19] [20] [21] [22] These techniques give accurate data on photosensitizer concentration in tissue samples but they are labor and time consuming and require many animals for each study. To investigate tumor selectivity of photosensitizer and its distribution in tissues, fluorescence confocal microscopy, fluorescence or absorption spectroscopy in situ, and high-resolution fluorescence microendoscopy have been employed. [23] [24] [25] [26] These methods are based on point measurements. As tumors are spatially and temporally heterogeneous, essential data spread is observed and multiple measurements are required to decrease error. Moreover, they enable examination of only the tissue surface and lack the capability to detect deep-seated fluorophores.
Noninvasive real-time visualization of fluorophores in small animals can be achieved by whole-body fluorescence imaging. [27] [28] [29] [30] A number of fluorophores, such as cyanine dyes, quantum dots, fluorescent proteins, and photosensitizers have been imaged in small animals in vivo. [31] [32] [33] [34] [35] Among the fluorescence imaging techniques, fluorescence diffuse tomography ͑FDT͒ is definitely a more advanced technique, enabling 3-D volumetric imaging 27 of fluorescent agents in deep tissues with a resolution of 1 to 2 mm. Nontomographic imaging, both planar reflectance and transillumination modality, is considered to be an alternative approach for fluorescence detection in living organisms. [36] [37] [38] [39] [40] Planar reflectance imaging ͑or epi-illumination͒ is the most widely exploited but its application is restricted to observation of superficial lesions. 30, 35 The transillumination method enables deep-tissue imaging, 38, 40 which is especially important for photosensitizer distribution study. Being technically easy to implement and simple in operation in comparison with FDT, it is an attractive tool for pharmacokinetics research.
This work is focused on in vivo investigation of photosensitizer pharmacokinetics in mice bearing transplantable tumors. Our goal was the application of transillumination fluorescence imaging to pharmacokinetics study. We assessed fluorescence in a tumor area by 2-D images acquired by synchronous scanning of the object with a single source and detector pair in a transilluminative configuration. The device was initially developed for fluorescence diffuse tomography of tumors labeled with fluorescent proteins in small animals. 41 However, to obtain 3-D information about fluorophore distribution many source-detector measurements are necessary. For a setup with a single source and detector pair, the data acquisition time is too great for photosensitizer pharmacokinetic investigation. This time can be essentially decreased if one uses many detectors or a high-sensitivity CCD. An example of 3-D reconstruction of the photosensitizer in tissue phantoms using subsurface FDT is shown in Ref. 42 .
For in vivo imaging, a nonpigmented solid epithelial tumor is prefered. We selected mouse cervical carcinoma for the pharmacokinetics investigation because of its slow growth rate, lack of large necrosis, and spherical nodes. The level of photosensitizer accumulation in tumor is known to depend on the dose of the administered specimen. Therefore, to verify whether the signal level in the tumor correctly represents the photosensitizer content we studied the dose-dependent kinetics of accumulation and clearance. The dynamics of accumulation in tumor of three clinically approved photosensitizers with known pharmacokinetics was investigated in vivo. For quantitative evaluation of the photosensitizer concentration in tumor tissue, the fluorescence signal was calibrated using tissue phantoms, and the absolute specimen concentration in tumor was determined.
Materials and Methods

Mice and Tumors
Experiments were performed on 35 female CBA mice bearing cervical carcinomas. Mouse cervical carcinoma forms mainly spherical nodes and is characterized by a slow growth rate.
Microscopically, the tumor is rich in cell components and contains irregularly defined negligible necrotic areas. Hence, by virtue of its morphological and growth features, mouse cervical carcinoma is suitable for in vivo fluorescence imaging of photosensitizers using a transillumination imaging setup. Tumors were grown in the subscapular region. Transplantation was made by subcutaneous injection of tumor tissue suspension in nutrient medium. Tumors of the same uniform 8-to 10-mm diameter ͑14 to 20 days after transplantation͒ were employed. The tumor was transplanted subcutaneously and during scanning was located on one side of the body so that its projection showed no tissues except the skin covering the tumor.
Photosensitizers
Three drugs were used in the study-photosens, alasens, and fotoditazin-because their tumor selectivity and pharmacokinetics properties have already been completely described. 24, [43] [44] [45] Photosens is sulfo-substituted aluminium phthalocyanine 43 ͑Niopic, Russia͒. The mice were injected with photosens ͑1 mg/ kg͒ via the intra verious ͑i.v.͒ delivery route ͑in the lateral tail vein͒. In aqueous solution, photosens shows maximum absorption at 675 nm and fluorescence at 685 nm.
Alasens ͑Niopic, Russia͒ is a preparation 44 on the basis of 5-aminolaevulinic acid ͑ALA͒. Although ALA is itself nonfluorescent, it induces 7, 17, 20, 23 accumulation in tumor of endogenous protoporphyrin IX ͑Pp IX͒. Pp IX exhibits fluorescence with maxima at 635 and 700 nm. Alasens was administered per os in a dose of 400 mg/ kg.
Fotoditazin is N-methyl glucosamine chlorin e6 salt 45 ͑Veta-Grand, Russia͒. It has a powerful absorption band with maximum at 662 nm. The fluorescence maximum lies around 675 nm. The mice were injected with 5, 10, or 25 mg/ kg fotoditazin i.v. All the administered doses of the photosensitizers did not exceed the therapeutic ones converted from humans to mice.
In Vivo Fluorescence Imaging
We performed the imaging with a setup developed at the Institute of Applied Physics of the Russian Academy of Sciences ͑Nizhny Novgorod͒. In this setup, synchronous scanning of the object in transilluminative configuration is provided by a single source-detector pair ͑Fig. 1͒. The investigated object is placed between source and detector. For each position of the source-detector pair, a fluorophore located within the sensitivity area makes a contribution to the fluorescence signal. Thus, the detected signal is summed from the fluorescence intensities that come from different depths. Thus, the obtained images ͑see, e.g., Fig. 3 in Sec. 3͒ enable assessing a 2-D distribution of the photosensitizer integrated over depth ͑sensitivity area͒. A semiconductor laser at 635 nm was chosen as a source of exciting light. A high-sensitivity cooled photomultiplier tube ͑Hamamatsu H7422-20͒ was used as a detector of fluorescence light. The emission signal was filtered using a 685-to 735-nm bandpass filter. For the scanning procedure, a depilated animal was fixed vertically in a glass container and slightly compressed to 1.2 cm. The image acquisition time was 3 to 5 min per animal. To investigate the photosensitizer pharmacokinetics, the mice were imaged in vivo for 15 min and 1, 2, 3, 4, 6, and 24 h following the chemicals administration. The image obtained before injection was used as a control.
The fluorescence images were analyzed using ImageJ software ͑U.S. National Institutes of Health͒. During data processing we averaged the signal intensity over the tumor area. MeanϮ standard deviation ͑SD͒ values were used for data representation.
For quantitative assessment of photosensitizer in tumors, the fluorescence signal intensity was calibrated using a model medium of lipofundin and Indian ink. The absorption and reduced scattering coefficients of the medium were chosen close to the average parameters of the tumor for the excitation and emission wavelengths. Calibration curves ͑Fig. 2͒, which represent the dependence of the fluorescence signal on the fluorophore concentration, were obtained for fotoditazin, photosens, and Pp IX disodium salt ͑Sigma-Aldrich͒. We estimated signal values in a medium with a fotoditazin concentration up to 8 g / ml, a photosens concentration up to 0.8 g / ml, and a Pp IX concentration up to 9 g / ml.
It is clear from the plot that, at small photosensitizer concentrations in the model medium, the fluorescence signal linearly depends on the concentration. At larger concentrations, the signal intensity deviates from the linear dependence as a result of high absorption of the excition light by the photosensitizer.
Ex Vivo Fluorescence Measurements
On imaging 6 and 24 h after injection, the animals were euthanized, and the tumors and normal organs and tissues were removed. The accumulation of the photosensitizer in the tumors was confirmed using the inverted laser scanning confocal fluorescence microscope ͑Axiovert 200M LSM 510 META, Carl Zeiss, Germany͒. For microscopic imaging we used excitation at 633 nm and signal collection in the 650-to 710-nm range. Fluorescence was also measured ex vivo using a spectrometer ͑QE65000, Ocean Optics Inc., United States͒. Tissue samples were excited with 635-nm light, and the emission was collected between 660 and 760 nm. Spearman's rank correlation between the signal value in tumor area from transillumination images in vivo and integral fluorescence intensity in spectra ex vivo was estimated.
A standard morphological examination of tumors was carried out. After fluorescence imaging tumors were resected, fixed with a 10% formalin solution, and prepared in paraffinembedded tissue blocks. We stained 5-m sections with hematoxylin and eosin and examined microscopically with 40 ϫ magnification. Figure 3 demonstrates an example of serial imaging of the CBA mouse bearing a subcutaneous cervical carcinoma. In vivo images of the animal injected i.v. with fotoditazin dose of 10 mg/ kg are presented. One can see in the figure that the control image acquired before administration of the specimen has low signal intensity and is dark-colored. After administration, an increase of signal intensity in the cervical carcinoma is observed, indicating selective accumulation of the photosensitizer. As a result, tumor fluorescence is brighter than in the adjacent peritumoral tissues. Then, the signal intensity in the tumor area reduces as the specimen is washed out. After injection of fotoditazin and photosens, tumors could be clearly distinguished from the surrounding tissue in the 15-min to 6-h postinjection period. Maximum signal intensity occurred 1 and 3 h after injection, correspondingly. After oral administration of alasens, we detected a smooth signal growth in tumor area. The signal level was gradually increasing up to 6 h.
Results and Discussions
In Vivo Fluorescence Imaging of Tumor with Photosensitizer
Typically, a high signal level is visualized in images of tense skin sections due to their high transparency of light. As mouse skin thickness is small in comparison with tumor diameter, and the photosensitizer accumulation in tumor tissue is 2 to 14 times more than in skin, [17] [18] [19] 21, [46] [47] [48] we can speak about a weak contribution of normal tissues to the fluorescence signal in the tumor image.
Study of Photosensitizer Fluorescence by Means of Standard Ex Vivo Methods
For verification of photosensitizer accumulation in tumor tissue, fluorescence was analyzed by standard methodsfluorescence confocal microscopy and fluorescence spectroscopy ex vivo. Figure 4 demonstrates that no significant fluorescence was detected in tumors of mice without photosensitizer; whereas 6 h after agent administration, intense fluorescence was visualized in microscopic images of neoplastic tissue and in the spectra.
The spectra of cancer tissue sensitized with photosens, fotoditazin, and 5-ALA-induced Pp IX were nearly identical in shape to those of photosensitizer solution. A comparison of the fluorescence data from the transilluminative imaging with the accompanying spectroscopic measurements showed a strong correlation. The point is that when the signal is inte-grated over depth and then averaged over the entire area of the tumor in the transillumination image, its magnitude correlates well with the fluorescence measured spectroscopically. The correlation analysis revealed a correlation coefficient of 0.76 ͑P Ͻ 0.05͒ for photosens, 0.9 ͑P Ͻ 0.001͒ for fotoditazin, and 0.85 ͑P Ͻ 0.02͒ for 5-ALA-induced Pp IX. This means that the influence of various factors, apart from the fluorescence of the photosensitizer localized in tumor tissue, on average signal intensity in tumor area is insignificant. We can refer to these factors as nonuniform photosensitizer distribution in tumor, its histological heretogeneity, and fluorescence of the skin covering the tumor. Thus, the proposed method is sufficiently accurate for assessing photosensitizer fluorescence all over the tumor.
Dose-Dependent Pharmacokinetics of Photosensitizer
Results of in vivo signal measurements in the tumor area were used to investigate fotoditazin pharmacokinetics as a function of the administered specimen dose. Pharmacokinetic curves are plotted for three therapeutic doses of fotoditazin administered in vivo: 5, 10, and 25 mg/ kg ͑Fig. 5͒. As was to be expected, tumors of the animals with a small dose had a low fluorescence signal, whereas tumors of the animals with the larger dose had a higher fluorescence intensity. The shapes of the curves suggest a small difference between the kinetics of photosensitizer uptake. For a dose of 5 mg/ kg, the signal intensity reached its maximum 1 h after injection, and reduced gradually afterward. For a dose of 10 mg/ kg, the maximum accumulation was observed in the period from 3 to 6 h after injection. When a dose of 25 mg/ kg was administered, we detected the strongest signal in the tumor 2 to 7 h after injection. In 24 h, the fluorescence in the tumor was still detectable for all of the doses, but its intensity was substantially lower because of photosensitizer clearance from the organism. Several authors have shown that fotoditazin and chlorin e6 derivative compounds exhibit rapid tumor uptake and clearance from the organism. 18, 49 Maximum tumor uptake of fotoditazin was reported to be 1 h after injection with the maximum tumor-to-normal-tissue ratio 4 to 6 h after injection; 94% of the drug initial dose was washed out 24 h after injection. 49 Thus, our results on fotoditazin accumulation and clearance kinetics are similar to the data in the literature obtained by complicated tissue extraction methods.
We found that at the photosensitizer accumulation maximum, the dependence of signal level in tumor on administered dose is close to linear an with approximately 0.95 reliability. Our data on the linear dependence of tumor fluorescence on drug dose agree with those available in the literature. A linear increase of chlorin-based photosensitizer concentrations in tissue was observed 18 with doses of the administered drug increasing up to 50 mg/ kg. Based on those findings and the results of fluorescence imaging we can state that signal intensity in tumor quantitatively represents fluorophore content.
Kinetics of Accumulation of Different Photosensitizers in Tumor In Vivo
The results of fluorescence imaging in vivo showed that different photosensitizers have different kinetics of tumor uptake. We assessed concentrations of photosensitizers in tumor in vivo by means of calibration curves. The obtained plots of specimen accumulation in tumor tissue are demonstrated in Fig. 6 . At the accumulation maximum, the photosens concentration in tissue was about 0.27 g / g for an administered dose of 1 mg/ kg, the fotoditazin concentration was about 4 g / g for a dose of 25 mg/ kg, and the 5-ALA-induced Pp IX concentration was about 6 g / g for an alasense dose of 400 mg/ kg.
The features of the dynamics of photosensitizer accumulation in experimental tumors of mice in vivo revealed by our team are in a good agreement with earlier results obtained by other researchers using standard methods. 17, 20, 21, 24, 25, 46, 49 To explain of the difference in the obtained kinetic curves it is necessary to consider the mechanisms responsible for the photosensitizer accumulation in tumors. Photosensitizers administered directly into the bloodstream quickly reach and are uptaken in the tumor. Thus, we observed intense fluorescence of photosens and fotoditazin in the tumor area at the early time instants after administration. The mechanisms involved in the preferential distribution of photosensitizers in tumors are not yet fully understood. This may be explained 50 by a number of factors, such as leaky vasculature, poorer lymphatic drainage, increased expression of low-density lipoprotein receptors on tumor cells and on tumor vascular endothelial cells, large fraction of macrophages, low extracellular pH. In the case with alasens, instead of a photosensitizer in synthetic form, its precursor is administered. Administration of 5-ALA induces biosynthesis of endogenous Pp IX in situ in tumors. 51 As a transformation of 5-ALA to Pp IX is a natural metabolic process including several enzymatic reactions, accumulation of Pp IX is relatively slow.
We compared the values of photosensitizer concentration in tissue in vivo, which we estimated by results of signal calibration in a model medium, with the data of other researchers obtained with tissue extraction methods.
We did not find information in the literature about the absolute concentrations of fotoditazin in tissues of small laboratory animals. Therefore, for comparison of the concentrations from fluorescence transillumination images with real values in tissues we will make use of a few works concerned with another fluorescent chlorin compound-mono-L-aspartyl chlorin e6. For the administered dose of 5 mg/ kg, the photosensitizer concentration at maximum accumulation in tumor tissue ͑mice mammary carcinoma͒ amounted to 3.81 ͑Ref. 18͒ or 5.69 g / g ͑Ref. 21͒. For a dose of 25 mg/ kg, the concentration in the tumor grew 18 up to 14 g / g.
The majority of papers concerned with studies of biodistribution and estimation of phthalocyanine photosensitizer concentrations in the organism of animals were carried out with high therapeutic doses. 19, 52 In Ref. 19 , it was specified that the phthalocyanine photosensitizer concentration in the tissue of radiation-induced fibrosarcoma of mice varied from 8.07 g / g 4 h after injection to 21.95 g / g 2 days after injection. The concentration of aluminium-chloride sulfated phthalocyanine obtained by Frisoli et al. for hamster cheek carcinoma was 5.6 g / g 2 h after photosensitizer administration. 52 The concentration of Zn-naphthalocyanine in Lewis lung carcinoma tumor tissue 16 to 20 h after injec-tion reached 53 1.5 g / g. Apparently, absolute values of phthalocyanine photosensitizer concentrations in tissues of experimental tumors are larger than those obtained by results of experiments in model media. This may be attributed to the difference in the used doses: the photosens dose ͑1 mg/ kg͒ in our study was 10 times less than in the just mentioned works. For a Si-naphthalocyanine dose of 0.5 mg/ kg, the photosensitizer concentration in tumor was commensurate with our assessed values. Twenty four hours after i.v. injection, the photosensitizer concentration in Lewis lung carcinoma tissue was 0.7 g / g and in melanoma B16, 0.15 g / g ͑Ref. 54͒.
According to the data on fluorescence transillumination imaging concentration of the 5-ALA-induced Pp IX in mouse cervical carcinoma 6 h after oral administration of the alasens was about 6 g / g. Our data are close to those of Perotti et al. 17 ͑5.23 g / g͒, obtained with spectrofluorometery after tissue porphyrin extraction. Other authors reported lesser concentrations, for instance 2 g / g ͑Ref. 20͒ and 1.54 g / g ͑Ref. 55͒.
Conclusion
Current advances in fluorescence whole-body imaging and the chemistry of photosensitizers offer new opportunities for noninvasive in vivo assessment of drug pharmacokinetics in animal studies. 56 As was shown in Refs. 47 and 57-59, there is a great interest in direct measurements of the photosensitizer concentrations in vivo.
We demonstrated the possibility of in vivo investigation of photosensitizer pharmacokinetics by means of fluorescence transillumination imaging. Serial imaging in the same animal showed that this technique is able to estimate photosensitizer accumulation in transplantable tumor and washout over time ͑in individual animals͒. Quantification of the fluorescence in the tumor area provided an opportunity to define tumor uptake and retention kinetics.
For final conclusions on reliability of estimation of photosensitizer concentration by 2-D fluorescence images, elaborate experiments with use of standard tissue extraction methods are required. Even today, however, we can speak about the feasibility of measuring photosensitizer content in tumor with transillumination imaging technique.
Note that fotoditazin and alasens were used in therapeutic doses converted from humans to mice. Photosens was administered in a dose two times less than the therapeutic dose. Therefore, the sensitivity of the imaging setup is sufficient for effective visualization of fluorescent dyes in an animal study.
As transplantable tumors are indispensable for preclinical pharmacokinetics investigations of new photosensitizers, the demonstrated possibility of their visualization by transillumination imaging is extremely important in terms of a practical application of the technique.
Noninvasive assessment of pharmacokinetics by a transillumination imaging setup will allow rapid and cost-effective preclinical studies of newly developed photosensitizers for fluorescence diagnosis and PDT.
